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INTRODUCTION 

This  project  focuses  on  defining  how  salmon  thrombin  can  serve  as  a  novel  biomaterial  to 
simultaneously  reduce  pain,  while  also  promote  hemostasis  and  wound  healing  subsequent  to  neural 
trauma.  Broadly,  the  objectives  of  studies  under  this  project  were  to  quantitatively  define  the 
biochemical  and  cellular  mechanisms  by  which  salmon  thrombin  may  be  responsible  for  alleviating  pain 
and  to  test  if,  and  how,  salmon  thrombin  can  achieve  a  reduction  in  pain  from  painful  nerve  injury.  This 
research  project  utilizes  biochemical,  in  vitro,  and  in  vivo  approaches  to  define  mechanisms  of  action 
and  to  evaluate  effects  of  salmon  thrombin  on  mitigating  pain  responses.  We  hypothesized  that 
differences  in  the  catalytic  activities  between  human  and  salmon  thrombin  and  differences  in  immune 
cell  activation,  make  salmon  thrombin  effective  at  reducing  pain  while  also  promoting  wound  healing 
and  neuronal  survival  after  neural  trauma.  Work  under  this  project  has  focused  on  measuring  rates  of 
proteolysis  of  thrombin  substrates  by  human  and  salmon  thrombin,  quantitatively  comparing  cellular 
activation  by  human  and  salmon  thrombin,  measuring  cytokine  production  by  mammalian  inflammatory 
cells  in  response  to  human  and  salmon  thrombin,  quantifying  effects  of  thrombin  treatment  on  cellular 
mechanics,  and  evaluating  recovery,  pain  responses  and  cellular  mechanisms  with  thrombin 
formulations  in  an  in  vivo  model  of  painful  nerve  trauma.  In  the  first  year  of  this  project  we  made  good 
progress  on  all  studies  and  met  the  timeline  of  activities  and  milestones  that  were  laid  out  in  the 
approved  statement  of  work.  The  details  of  those  efforts  were  previously  summarized  in  detail  in  the 
annual  report  submitted  in  the  Fall  of  2011.  In  April  2012,  we  submitted  a  request  for  no-cost-extension 
of  the  project  activities,  which  was  granted  in  July  of  2012.  Since  our  last  report  of  progress,  we 
continued  to  make  substantial  progress  in  all  areas,  including  publishing  work  from  Aims  1  and  3,  as 
well  as  focusing  primarily  on  the  in  vivo  studies  under  Aims  4  and  5.  During  the  period  of  this  award, 
we  presented  our  findings  at  several  national  meetings  related  to  basic  science,  clinical  groups  and 
military  health  services,  have  applied  for  funding  from  other  mechanisms  using  this  work  as  pilot  data, 
and  have  several  publications  and  several  more  due  to  be  submitted  based  on  the  work  completed  under 
this  project.  We  are  poised  now  to  continue  to  investigate  our  initial  hypothesis  in  more  detail  and  with 
more  specific  grounding,  based  on  this  Hypothesis  Development  Award. 

BODY 

Since  our  last  report  we  have  made  substantial  progress  on  all  Tasks  and  have  met  the  milestones 
proposed  in  the  approved  statement  of  work.  We  have  presented/published  our  work  in  a  variety  of 
venues  and  continue  to  do  so.  In  this  portion  of  the  report  we  include  those  methods  and  results  in  detail 
that  were  not  previously  summarized  in  our  last  annual  report  and  that  have  not  been  reported  or 
included  in  other  publications.  Where  applicable,  we  refer  to  those  publications,  abstracts  and 
presentations;  the  abstracts  and  presentations  are  provided  in  the  Appendix.  A  primary  goal  of  this  work 
was  to  study  how  human  and  fish  thrombin  differ  enzymatically  in  order  to  understand  why  the  pain 
response  with  treatment  from  each  species  is  different.  As  such,  coordinated  studies  using  in  vitro  and  in 
vivo  approaches  were  performed  in  this  project.  We  structure  this  section  of  the  report  to  provide  an 
overall  summary  of  each  task,  followed  by  a  more-detailed  report  of  the  relevant  data  and  findings. 

The  GANTT  chart  below  summarizes  the  specific  tasks  that  were  associated  with  each  aim 
across  the  entire  project  period  under  the  approved  statement  of  work.  Before  providing  a  detailed 
summary  of  the  research  findings,  we  indicate  the  current  status  of  each  activity  to  provide  an  overview 
of  the  research  activities  completed  and  the  remaining  activities.  For  all  activities,  we  have  completed 
the  experiments  and  analysis  and  the  remaining  activities  are  limited  to  publication  in  only  a  few  Aims 
(Milestone  #6).  Of  note,  the  original  Tasks  related  to  the  microfluidics  for  macrophage  migration  studies 
(Tasks  3d  and  3e)  were  redirected  to  focus  on  defining  the  activation  responses  (mechanical  and 
inflammatory)  of  astrocytes  since  that  work  is  more-relevant  and  meaningful  given  the  findings  from  our 
studies  to  date  on  inflammation  and  pain  [Dong  &  Winkelstein  2010;  Rothman  &  Winkelstein  2010; 
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Dong  et  al.  2013;  Smith  et  al.  submitted ].  This  modification  was  previously  addressed  in  our  prior 
approved  report.  Further,  the  macrophage  responses  are  complemented  by  studies  of  blood-spinal  cord 
barrier  breakdown  in  the  in  vivo  studies  under  Aims  4  and  5. 


TASK 

Ql 

Q2 

Q3 

Q4 

TASK  1  -  Aim  1:  Proteolysis  studies 

la.  Acquire  thrombin 

completed 

lb.  Define  protease  activation 

completed 

lc.  Data  analysis  &  integration 

completed 

Id.  Milestone  #2-Publish  findings 

completed 

TASK  2  -  Aim  2:  Cell  activation  st 

udies  (in  vitro) 

2a.  Establish  cell  cultures  &  test 
thrombin  concentrations 

completed 

2b.  Perform  activation  assays 

completed 

2c.  Data  analysis  &  integration 

completed 

2d.  Milestone  #4-Publish  findings 

Studies  completed  &  publication  in  2013 

TASK  3  -  Aims  3  &  4:  Cytokine  (Aim  3)  &  Macrophage  migration  (Aim  4)  studies  (in 
vitro) 

3a.  Test  thrombin  concentrations  & 
optimize  time  points 

completed 

3b.  PCR  &  IHC  assays  for  day  3  & 
day  7 

completed 

3c.  PCR  &  IHC  assays  for  6  hr  & 
day  1 

completed 

3d.  Set-up  thrombin  gradient 
techniques 

3e.  Macrophage  migration  studies 

&  modified  for  in  vivo 

3f.  Data  analysis  &  integration 

completed 

3g.  Milestone  #5-Publish  findings 

completed 

TASK  4  -  Aims  4  &  5:  Behavioral  studies  (in  vivo) 

4a.  Milestone  #l-Obtain 
regulatory  approval  for  rat  studies 

completed 

4b.  Acquire  thrombin 

completed 

4c.  Milestone  #3-Identify 
thrombin  concentrations  for  rat 
studies 

completed 

4d.  Perform  day  14  rat  studies 

completed 

4e.  Perform  day  3  &  7  rat  studies 

completed 

4f.  IHC  assays  &  analysis  (rat) 

completed 

4g.  Analysis  of  rat  data 

ongoing 

4h.  Milestone  #6  -  Submit 
publication  (rat  studies) 

planned  publications  in  early 
2013 

Task  1 

Work  under  Task  1  corresponds  to  Aim  1  which  had  the  main  goal  of  evaluating  the  proteolysis 
rate  of  human  and  salmon  thrombin.  Thrombin  is  a  serine  protease  that  cleaves  fibrinogen  to  form  fibrin, 
but  it  also  is  responsible  for  many  of  the  cascades  that  cause  pain  and  inflammation  and  stimulates 
inflammatory  cytokine  production.  Activation  of  those  cascades  occurs  primarily  through  the  cleavage 
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of  PARs,  or  protease  activated  receptors  which  are  G-protein  coupled  receptors.  As  detailed  in  our  prior 
report,  there  are  four  PARs  -1  ,2,  3  and  4;  thrombin  can  cleave  PARs  1,  3  and  4.  The  PARs  are  self- 
activating,  so  when  thrombin  cleaves  them  near  the  N-terminal  the  remaining  end  acts  as  a  tethered 
ligand  that  then  activates  the  PAR.  There  is  also  a  second  thrombin  receptor  site  which  is  a  hirudin-like 
site,  which  is  present  on  PARs  1  and  3. 

In  our  prior  report  we  summarized  activities  under  Tasks  la  and  lb  to  evaluate  if  there  are 
enzymatic  differences  between  salmon  and  human  thrombin.  The  kinetics  of  protease  activation  were 
tested  using  fluorogenic  synthetic  substrates  that  mimic  the  thrombin  receptors.  Details  of  those  methods 
are  provided  in  our  publications  in  the  Appendix  [Oake  et  al.  2011;  Smith  et  al.  2012a]  and  in  the  paper 
we  recently  submitted  to  Molecular  Pain  [Smith  et  al.  2012],  For  the  PARI  peptide  at  37  degrees, 
human  thrombin  was  found  to  cleave  the  peptide  faster  than  fish  thrombin.  When  quantifying  the  rate  of 
cleavage  for  each  of  the  PARs  tested,  it  was  found  that  the  rate  of  cleavage  for  human  thrombin  is 
significantly  (**p=0.01)  faster  than  for  salmon  thrombin  [Oake  et  al.  2011;  Smith  et  al.  2012a],  PAR3 
and  PAR4  were  also  tested,  but  the  rate  of  PAR4  cleavage  was  so  slow  that  any  difference  was 
undetectable  using  this  approach;  no  difference  was  observed  between  species  in  PAR3  cleavage  rate 
[Oake  et  al.  2011;  Smith  et  al.  2012a]. 

Thrombin  activity,  as  measured  by  fibrinogen 
cleavage  rate,  was  inhibited  by  hirudin  and  antithrombin 
III  (ATIII)  in  separate  studies,  for  both  species  of 
thrombin  (Figure  1)  but  with  different  dose-dependence. 

Salmon  thrombin  retains  significantly  (p<0.0001)  more 
activity  than  human  thrombin  overall,  as  evidenced  by  a 
faster  fibrinogen  cleavage  rate  over  a  range  of 
[hirudin]/[thrombin]  ratios  (Figure  1A).  Specifically, 
salmon  thrombin  exhibits  a  significantly  (*p<0.002) 
faster  fibrinogen  cleavage  rate  at  ratios  of  1  and  1.5 
(Figure  1A).  In  contrast  to  the  differential  inhibition  by 
hirudin,  there  is  no  difference  in  the  reduction  of  human 
and  salmon  thrombin  activities  by  human  antithrombin 
III  (ATIII)  (Figure  IB).  Taken  together,  hirudin  inhibits 
salmon  less  effectively  than  human  thrombin  but  ATIII 
inhibited  both  salmon  and  human  thrombin  equally 
[Smith  et  al.  2012b], 

Synthesizing  (Task  lc)  these  collective  results  we 
have  been  able  to  develop  several  conclusions  and 
reported  (Task  Id;  Milestone  #2)  them  in  the  3 
presentations  (see  Appendix)  and  in  1  submitted 
manuscript  [Smith  et  al.  2012b]  (#2,  #3,  #6,  #8  in 
Bibliography).  Salmon  thrombin  hydrolyzes  peptides 
mapping  the  PARI  cleavage  sequence  at  slower  rates  than  human  thrombin,  suggesting  that  salmon 
thrombin  may  be  less  efficient  at  activating  cellular  PARI.  This  cleavage  data  suggests  there  to  be  an 
inherent  difference  in  PARI  cleavage  rate  between  these  species  that  may  also  be  related  to  the 
difference  in  their  effectiveness  of  attenuating  pain.  In  many  physiological  systems  thrombin  can  initiate 
dual  signaling  cascades  at  least  partially  based  on  the  type  of  proteins  that  are  coupled  to  the  activated 
receptor  or  the  degree  of  PARI  activation  [Dale  &  Vergnolle,  2008;  Ma  &  Dorling,  2012],  For  example, 
PARI  activation  by  thrombin  in  endothelial  cells  can  induce  vascular  protection  or  vascular  leakage 
depending  on  which  sphingosine  1 -phosphate  (SIP)  receptor  PARI  is  coupled  to,  SIPi  or  SIP3  [Ma  & 
Dorling,  2012],  Within  the  nervous  system,  PARI  agonist  concentration  seems  to  be  more  important  for 
the  subsequent  signaling;  low  concentrations  of  PAR1-AP  decrease  levels  of  phosphorylated  ERK 
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(pERK),  a  marker  of  cellular  trauma,  whereas  high  concentrations  increase  pERK  expression, 
suggesting  that  high  concentrations  may  amplify  trauma  [Gao  et  al.  2009;  Shavit  et  al.  2011],  In  our 
studies,  salmon  thrombin  cleaves  PARI -like  peptides  slower  than  human  thrombin  for  both  the  PARI 
cleavage  sequence  and  the  cleavage  sequence  plus  a  hirudin-like  domain  [Smith  et  al.  2012b],  Previous 
studies  show  that  salmon  and  human  thrombin  are  equally  efficient  at  cleaving  peptides  based  on  the 
human  fibrinogen  cleavage  site  [Michaud  et  al.  2002];  our  findings  study  agree  with  prior  reports.  Since 
PARI  is  activated  slower  by  salmon  thrombin  than  human  thrombin  it  is  possible  that  salmon  thrombin 
mitigates  cellular  trauma  following  nerve  root  injury  while  human  thrombin  may  exaggerate  trauma. 

Although  PARI  activity  is  different  between  salmon  and  human  thrombin  it  is  possible  that  other 
receptors  also  are  partially  responsible  for  the  effects  observed  here.  For  example,  the  activation  of 
thrombin-cleavable  PAR4  via  a  PAR4  activating  peptide  (PAR4-AP)  in  cultures  of  primary  sensory 
neurons  attenuates  intracellular  calcium  responses  [Asfaha  et  al.  2007],  It  is  possible  that  salmon 
thrombin  activates  PAR4  more  readily  than  human  thrombin,  also  contributing  to  its  analgesic 
properties.  In  our  studies,  differences  in  affinity  for  various  molecules  was  observed  between  the  two 
species  of  thrombin,  including  the  PARI  cleavage  sequence,  the  PARI  cleavage  sequence  with  a 
hirudin-like  domain,  and  the  thrombin  inhibitor  hirudin  which  suggests  that  there  may  also  be 
differences  in  their  affinities  for  other  molecules  [Smith  et  al.  2012b],  Future  studies  inhibiting  the 
action  of  the  PARs  after  nerve  root  injury  would  provide  further  information  on  whether  this  and  other 
PAR  receptors  contribute  to  the  analgesic  properties  of  salmon  thrombin.  Nonetheless,  the  results  from 
this  study  indicate  that  PARI  activation  rate  may  be  a  key  contributor  to  the  analgesic  and  anti¬ 
inflammatory  actions  induced  by  salmon  thrombin,  which  are  not  exhibited  by  human  thrombin. 

Task  2 

Work  under  Task  2  corresponds  to  Aim  2  with  the  main  goal  of  evaluating  if  there  is  a 
difference  in  the  activation  of  cells  involved  in  pain  in  vitro  due  to  stimulation  by  human  and  salmon 
thrombin.  We  use  primary  neurons  and  astrocytes  obtained  by  standard  methods  from  rodents.  Under 
Task  2a  we  established  methods  for  culturing  and  stimulating  isolated  astrocytes  and  mixed  cultures  of 
astrocytes  and  neurons.  We  evaluated  cellular  activation  in  response  to  thrombin  alone  and  with 
thrombin  treatment  following  an  inflammatory  stimulus.  Activation  was  assayed  by  quantifying  changes 
in  cell  shape  and  area  and  GFAP  expression  for  astrocytes,  using  routine  methods  of  fluorescence.  For 
proliferating  cells,  cell  counts  were  performed  using  DAPI.  For  both  human  and  salmon,  thrombin 
concentrations  were  varied  between  lU/ml  and  lOU/ml.  Cells  were  routinely  observed  for  morphologic 
changes  and  cytokine  production  for  up  to  7  days  under  these  conditions.  Based  on  cytokine  production 
for  each  concentration,  the  lOU/ml  actually  induced  increases  in  ILlp  while  the  lU/ml  resulted  in 
decreased  inflammatory  response.  Further,  cells  were  stimulated  using  both  substance  P  (a  common 
mediator  of  nociception)  and  LPS  (a  common  initiator  of  inflammation  in  experimental  studies)  [Chung 
&  Benveniste  1990;  Miyano  et  al.  2010;  Loram  et  al.  2011],  From  those  studies  that  were  previously 
summarized  in  our  prior  annual  report,  it  was  determined  to  use  a  lU/ml  concentration  of  both  human 
and  salmon  thrombin  in  subsequent  studies. 

Mixed  cultures  of  astrocytes  and  neurons  were  used  for  studies  in  Task  2b  and  have  been 
previously  described  in  our  last  report.  Cells  are  plated  onto  poly-Llysine-treated  (PLL;  Sigma-Aldrich; 
St.  Louis,  MO)  T75  tissue  culture  flasks  (Fisher  Scientific,  Inc.;  Pittsburgh,  PA)  at  a  concentration  of 
1x105  cells/ml.  Media  was  changed  every  3-4  days.  After  13  days  in  vitro  (DIV),  cells  are  released  from 
the  flasks  with  trypsin  at  37°C.  After  5  minutes,  enzymatic  activity  is  stopped  with  serum  containing 
media  and  cells  are  centrifuged  at  1000  rmp  for  5  minutes.  Cells  are  resuspended  and  plated  onto  114 
PLL-coated  glass  bottom  dishes  (MatTek  Corp.;  Ashland,  MA)  at  a  concentration  of  lxlO5  cells/ml. 
Cultures  are  allowed  to  stabilize  at  37°C  in  5%  CO2  for  7  days  with  media  changes  every  3-4  days  prior 
to  any  stimulation  or  treatment.  Since  in  the  last  report,  we  summarized  our  studies  of  mixed 
astrocyte/neuron  cultures  that  were  stimulated  with  lipopolysaccharide  (LPS)  at  day  0  at  a  concentration 
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of  1  pg/mL,  we  provide  only  a  brief  summary  of  those  findings  here.  In  the  mixed  culture  of  astrocytes 
and  neurons,  LPS  stimulation  increases  PGE2  production  by  approximately  1.2-fold  at  both  day  2  and 
day  7.  LPS  stimulation  also  reduces  the  astrocyte  perimeter  by  20%  compared  to  the  unstimulated 
control,  indicating  activation  of  astrocytes  (Figure  2). 

Based  on  those  studies 
with  LPS,  we  also  administered 
salmon  thrombin  at  a 
concentration  of  1  pg/ml  in 
mixed  neuronal-astrocytic 

cultures  that  had  been  stimulated 
by  LPS  and  probed  for  PARI 
expression  at  1  hour  and  1  day 
after  treatment.  PARI  expression 
decreases  within  1  hour  of 
stimulation,  but  is  returned  to 
control  levels  when  thrombin  is 
given,  further  supporting  the 
hypothesis  that  salmon  thrombin 
provides  anti-inflammatory 
effects  (Figure  3). 

Extending  that  work,  we 
evaluated  the  rate  of  cleavage  of 
the  PARI  using  the  in  vitro 
cultures.  Human  and  salmon 
thrombin  were  given  at  the  same 
doses  as  above  and  PARI 
expression  was  assayed  at  15 
minutes  and  30  minutes.  The 
number  of  cells  positive  for 
PARI  was  found  to  be 
significantly  greater  (p=0.001) 
thrombin  than  human  thrombin  at 


2.5 


Figure  4. 
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(Figure  4),  supporting  the  findings  that  salmon 
thrombin  cleaves  the  PARI  N-terminus  slower 
than  human  thrombin  (Task  1;  Figure  1). 

Together,  all  of  these  findings  were  the  basis  of 
a  larger  study  that  was  recently  accepted  in  the 
Journal  of  Neurotrauma  [Dong  et  al.  2013;  #7 
in  Bibliography], 

In  order  to  extend  work  defining  cell 
activation,  we  also  implement  atomic  force 
microscopy  (AFM)  to  define  the  cellular  mechanics  of  astrocytes  in  response  to  thrombin  treatment.  The 
experimental  conditions  were  the  same  as  those  described  above,  with  astrocyte  cultures  treated  for  30 
minutes  with  thrombin  (either  salmon  or  human)  and  then  rinsed  3  times  with  PBS.  There  is  mounting 
evidence  that  as  astrocytes  become  activated  their  stiffness  is  also  altered;  AFM  enables  the 
measurement  of  cellular  modulus.  We  determined  that  there  is  a  significant  difference  (p=0.01)  in  the 
stiffness  of  astrocytes  treated  with  human  thrombin  compared  to  untreated  controls  (Figure  5),  while 
treatment  with  salmon  thrombin  does  not  modify  cellular  stiffness.  These  findings  are  indeed  quite 
exciting  as  they  may  provide  an  explanation  for  some  of  the  in  vivo  results  we  observe  under  Task  4. 


Timepoint  (min) 
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As  we  proceed  with  analyzing  these  in  vitro  studies  and  the  in  vivo  studies  under  Task  4g,  we  expect  to 
incorporate  these  AFM  results  in  the  manuscript  we  are  preparing  for  submission  in  early  2013  (#9  in 
Bibliography) 

Task  2c  includes  the  data  analysis 
and  integration  across  Tasks  in  this  Aim  1, 
and  as  described  above  is  almost  complete. 

Task  2d  involves  the  publication  of  this 
work  and  is  expected  in  the  next  few 
months.  Parts  of  these  findings  have  been 
published  and  presented  in  several  podium 
presentations  and  submitted  papers  (see 
Appendix;  #6,  #7,  #8  in  Bibliography). 

Task  3 

Work  under  Task  3  corresponds  to  Aims  3  and  4  of  the  proposal  and  focused  on  quantifying 
cytokine  production  in  response  to  thrombin  stimulation,  at  early  time  points  in  the  in  vitro  studies  of 
Aim  2.  Cytokine  production  in  astrocytes  was  measured  in  response  to  human  and  salmon  thrombin 
using  PCR  to  define  message  levels  and  ELISA  to  quantify  inflammatory  mediators  implicated  in  pain. 
We  evaluated  TNFa  and  IL1(3  because  of  their  known  roles  as  pro-inflammatory  agents,  and  their  ability 
to  induce  pain  [DeLeo  &  Yezierski  2001].  Under  Task  3a,  we  had  proposed  to  establish  the  cultures  and 
optimize  the  proposed  time  points  for  assessment.  We  originally  proposed  to  probe  responses  at  6  hours, 
day  1,  day  3,  day  7  after  stimulation,  but  following  pilot  studies,  we  in  our  last  report  we  revised  those 
assessment  points  to  1  and  24  hours  since  the  cytokine  cascade  is  regulated  early  and  the  in  vivo  studies 
in  Aim  5  will  capture  the  later  responses.  Accordingly,  under  Tasks  3b  and  3c,  we  performed  PCR  and 
ELISA  at  these  time  points.  In  our  last  report,  we  detailed  findings  from  studies  in  which  cells  were 
stimulated  by  lOOnM  substance  P  and  treated  1  day  later  with  lU/mL  of  either  human  or  fish  thrombin. 
Briefly,  the  amount  of  IL- 1  (3  in  the  supernatants  from  the  astrocyte  cultures  was  lower  (to  nearly  one- 
third)  for  treatment  with  the  fish  thrombin  compared  to  the  human  thrombin  (p=0.037).  However,  after  1 
day  in  culture,  the  fish  thrombin  was  also  less  active  than  the  human  thrombin  (p=0.0003).  These  data 
suggest  that  the  reduced  astrocytic  inflammatory  response  to  fish  thrombin  may  be  caused  by  the 
reduced  activity  of  fish  thrombin  or  by  the  slower  proteolysis  rate  of  fish  thrombin  on  PARI.  Those  data 
were  included  in  the  publication  at  the  Annual  Meeting  of  the  Biomedical 
Engineering  Society  (BMES)  in  October  2011  [Oake  et  al.  2011]  (see 
Appendix).  This  same  significant  relationship  was  observed  in  cultures  of 
astrocytes  alone  and  in  mixed  astrocyte-neuronal  cultures.  Additional 
studies  were  performed  to  assess  PARI  mRNA  in  spinal  cells  at  two  early 
time  points  following  painful  nerve  root  trauma.  The  specific  details  of 
those  methods  are  included  in  the  abstract  that  presented  this  work  at  the 
American  Society  of  Mechanical  Engineers  Summer  Bioengineering 
Conference  in  June  2011  (ASME-SBC)  [Smith  et  al.  2011b]  (see 
Appendix).  In  summary,  those  data  indicate  that  decreases  in  PARI  mRNA 
relate  to  pain  and  can  be  regulated  early  on  following  the  injury.  Upon 
further  investigation,  we  also  were  able  to  localize  PARI  expression  in 
both  neurons  and  astrocytes  in  our  cultures  (Figure  6).  Since  that  time,  we 
expanded  the  group  sizes  and  reported  that  work  at  the  Military  Health 
System  Research  Symposium  in  August  2012  (see  Appendix;  #4  in 
Bibliography). 

We  also  performed  additional  dose  resposne  studies  with  thrombin  treatment  at  different  doses  to 
evaluate  effects  on  IL-6  production  (Figure  7)  [Smith  et  al.  submitted ].  The  concentration  of  IL-6  protein 


Figure  5. 
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in  the  supernatants  of  mixed  cortical  cultures  was  significantly  (p<0.0001)  increased  when  the  cultures 
were  treated  with  human  thrombin  as  compared  to  salmon  thrombin  (Figure  7).  Further,  cultures  treated 
with  human  thrombin  released  significantly  (p<0.0363)  more  IL-6  than  cultures  treated  with  salmon 
thrombin  at  each  individual  thrombin  concentration  of  0.2,  0.5  and  1  U/ml  (Figure  7). 

Assessments  of  macrophage  migration  were 
originally  proposed  in  studies  under  Tasks  3d  and  3e.  Of 
note,  we  elected  to  evaluate  integrity  of  the  blood  brain 
barrier  in  the  in  vivo  studies  as  a  more  relevant  metric  of 
cellular  migration  since  that  will  provide  a  more 
comprehensive  understanding  of  the  consequences  of 
such  changes  in  vivo  and  in  the  context  of  pain  behaviors. 

These  studies  (Task  3e)  are  included  in  work  under  Task 
4,  accordingly.  Also,  Task  3f  was  removed  as  per  the 
review  detailed  in  our  prior  report.  Since  the  main  goal  is 
to  evaluate  these  responses  in  the  context  of  pain  such  in 
vivo  assessments  will  provide  more  added  value  than 
simple  migration  assays  in  vitro. 

Tasks  3f  and  3g  include  the  data  analysis  and  integration  as  well  as  the  publication  of  this  work 
and  is  completed  as  described  above.  To  date,  parts  of  the  findings  under  this  Aim  were  published  and 
presented  at  several  meetings  and  in  already  submitted  and  planned  manuscripts  (see  Appendix;  #4,  #6, 
#8,  #9,  #10  of  Bibliography). 

Task  4 

Work  under  Task  4  corresponds  to  Aims  4  and  5  which  utilizes  an  in  vivo  model  of  traumatic 
nerve  injury  in  the  rat.  Specific  sub-tasks  of  those  Aims  were  the  primary  effort  over  the  last  period  of 
this  project.  As  previously  reported,  Tasks  4a-4c  were  completed  during  the  prior  reporting  period  and 
Tasks  4d-4f  have  been  ongoing  in  the  last  period.  We  obtained  regulatory  approval  from  both  the 
University  of  Pennsylvania  and  USAMRMC,  in  August  2010  and  September  2010,  respectively  (see 
Appendix  for  approval  letter  from  Penn  IACUC).  In  addition,  it  was  determined  based  on  the  in  vitro 
studies,  that  thrombin  would  be  used  at  a  concentration  of  lU/ml  for  all  in  vivo  studies  (Task  4c). 

Rats  underwent  a  transient  painful  compression  of  the  right  C7  dorsal  nerve  root  [Smith  et  al. 
2012b;  Syre  et  al.  2012],  Briefly,  surgical  procedures  were  performed  under  inhalation  anesthesia  with 
the  rat  in  the  prone  position  (4%  isoflurane  for  induction,  2%  for  maintenance).  An  incision  was  made 
from  the  base  of  the  skull  to  the  T2  spinous  process.  A  hemilaminectomy  and  partial  facetectomy  were 
performed  on  the  right  side  of  the  C6/C7  spinal  levels  in  order  to  expose  the  right  C7  dorsal  nerve  root. 
The  nerve  root  was  compressed  for  15  minutes  with  a  calibrated  10  gram- force  microvascular  clip 
(World  Precision  Instruments,  Sarasota,  FL).  Following  clip  removal,  any  blood  was  cleared  from  the 
compressed  nerve  root  and  20  pi  of  either  salmon  (salmon,  n=6)  or  human  (human,  n=6)  thrombin  (2 
U/ml  in  neurobasal  media)  was  added  to  the  nerve  root.  A  separate  control  group  received  a  vehicle 
treatment  (vehicle,  n=6)  of  20  pi  of  only  the  neurobasal  media.  Wounds  were  closed  with  polyester 
suture  and  surgical  staples.  Rats  were  allowed  to  recover  in  room  air  under  continuous  monitoring. 

Behavioral  sensitivity  was  assessed  in  the  forepaw  by  measuring  mechanical  allodynia  on  days  1, 
3,  5  and  7  post-injury.  Allodynia  was  also  measured  for  each  rat  before  any  surgical  procedures  to 
establish  baseline  responses.  Prior  to  each  testing  session  rats  were  placed  in  elevated  cages  with  mesh 
bottoms  and  allowed  to  acclimate  for  15  minutes.  Mechanical  allodynia  was  measured  by  stimulating 
the  plantar  surface  of  the  forepaw  on  the  side  ipsilateral  to  the  root  compression,  using  1 .4  and  4  gm  von 
Frey  fdaments  (Stoelting  Co.,  Wood  Dale,  IL).  Testing  sessions  consisted  of  three  rounds  of  10 
stimulations  to  each  paw,  separated  by  a  10  minute  rest  period.  A  positive  response  was  considered  as  a 
paw  withdrawal  and  was  often  accompanied  by  licking  or  shaking  of  the  paw.  The  number  of  paw 
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withdrawals  in  a  session  were  counted  for  each  rat  and  averaged  within  groups  for  each  day.  A  repeated 
measures  analysis  of  variance  (ANOVA)  with  Tukey’s 
test  was  used  to  determine  statistical  differences  between 
groups  overall  and  on  individual  days  for  each  testing 
filament. 

Mechanical  allodynia  in  the  ipsilateral  forepaw  of 
rats  that  received  a  painful  nerve  root  compression  with 
vehicle  treatment  of  neurobasal  media  is  significantly 
elevated  over  baseline  responses  on  all  days  for  testing 
with  the  4  g  von  Frey  filament  (p<0.0001)  and  at  day  1 
using  the  1.4  g  filament  (p=0.006)  (Figure  8).  A  single 
administration  of  salmon  thrombin  is  sufficient  to 
significantly  reduce  (p=0.004  for  1.4  filament;  p=0.0004 
for  4  filament)  allodynia  compared  to  vehicle  for  both 
von  Frey  filament  strengths.  Further,  allodynia  responses 
are  significantly  (p<0.002)  different  between  salmon  and 
vehicle  treatments  on  days  5  and  7  when  testing  with  a  4 
g  von  Frey  filament  (Figure  8).  In  contrast, 
administration  of  human  thrombin  does  not  modify 
mechanical  allodynia  after  injury  on  any  post-operative 
day  compared  to  vehicle  (Figure  8).  Rats  treated  with 
human  thrombin  exhibit  mechanical  allodynia  that  is 
significantly  elevated  over  the  salmon  thrombin  group 
overall  (p<0.0004)  and  on  each  post-operative  day 
(p<0.036). 

Additional  studies  using 
separate  rats  (n=4  each  group) 
measured  neuronal  activity  in  the 
spinal  cord  (Figure  9)  and  suggest  a 
reduction  also  in  neuronal  activity 
following  salmon  thrombin  treatment. 

We  continue  to  analyze  those  data, 
together  with  the 

immunohistochemical  data  from  these 
same  studies  for  insight  into  the 
mechanisms  by  which  salmon  thrombin  attenuates  pain.  Although  these  data  were  recently  presented  at 
2  scientific  meetings  [Syre  et  al.  2012;  Smith  et  al  2012a]  (see  Appendix;  #5,  #6  in  Bibliography),  the 
in-depth  analyses  (under  Task  4g)  are  ongoing  since  there  is  a  large  amount  of  data  generated.  We 
anticipate  submitting  2  more  manuscripts  from  these  analyses  in  early  2013  (Task  4h;  Milestone  #6). 
Further,  these  pilot  data  from  early  in  vivo  studies  under  this  project  formed  the  basis  of  a  proposal  for 
continued  funding  from  the  Cervical  Spine  Research  Society,  that  we  were  successful  in  obtaining 
funding  (see  Funding  Applied  For  below). 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Established  relevant  culture  systems  for  assaying  thrombin  effects  on  inflammation. 

•  Determined  that  both  salmon  and  human  thrombin  decrease  TNFa  and  I L I  [I  mRNA,  but 
salmon  thrombin  produces  a  more  robust  and  significant  decrease  in  astrocytes  than  does 
human  thrombin. 


1.4g 


4g 
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•  Established  methodology  and  identified  relevant  substrates  for  studying  enzymatic  activities 
of  PARs. 

•  Determined  that  salmon  thrombin  cleaves  PARI  at  a  slower  rate  than  human  thrombin. 

•  Identified  that  the  slower  rate  of  cleavage  by  salmon  thrombin  may  be  due  to  its  lower 
affinity  for  hirudin. 

•  Determination  that  PARI  is  associated  with  pain  and  neural  trauma  and  appears  to  be 
regulated  in  activated  immune  cells  in  response  to  painful  trauma. 

•  Identification  that  the  modifications  in  PARI  occur  very  early  following  its  exposure  to 
thrombin. 

•  Determined  that  salmon  thrombin  does  not  modify  astrocyte  cell  stiffness  whereas  human 
thrombin  does. 

•  Anti-inflammatory  treatment  that  attenuates  pain  also  modulates  PARI  expression  in  vivo. 

•  Determination  that  salmon  thrombin  given  at  the  time  of  injury  eliminates  the  development 
of  pain  in  vivo,  in  association  with  attenuating  spinal  hypersensitivity. 


REPORTABLE  OUTCOMES 

Bibliography  of  Published  Manuscripts  &  Abstracts  (see  Appendix  for  Abstracts  &  Slides  of  Presentations) 

1.  Smith  JR,  Rothman  SM,  Janmey  PA,  Winkelstein  BA.  Spinal  PARI  mRNA  Levels  are 
Regulated  by  Mechanical  &  Chemical  Cues  in  Painful  Nerve  Root  Compression.  ASME 
Summer  Bioengineering  Conference,  #SBC201 1-53084,  Nemacolin,  PA,  June  2011. 

2.  Oake  SA,  Smith  JR,  Janmey  PA,  Winkelstein  BA.  Distinct  Effects  of  Human  and  Salmon 
Thrombin  on  the  Inflammatory  Response  of  Mammalian  Astrocytes.  BMES  Annual 
Meeting,  #Sat-l-2-C,  Hartford,  CT,  October  2011. 

3.  Smith  J,  Rothman  S,  Black  J,  Winkelstein  BA.  Spinal  PARI  mRNA  Expression  Decreases 
Early  After  Painful  Nerve  Root  Injury  with  Inflammation.  BMES  Annual  Meeting,  #Sat-l- 
5 -A,  Hartford,  CT,  October  2011. 

4.  Smith  JR,  Weisshaar  CL,  Janmey  PJ,  Winkelstein  BA.  Salmon  Thrombin  Treatment 
Reduces  Protease  Activated  Receptor  1  Expression  Following  Painful  Nerve  Root  Injury. 
Military  Health  System  Research  Symposium,  #12-141,  Ft.  Lauderdale,  FL,  August  2012. 

5.  Syre  P,  Smith  JR,  Nicholson  KJ,  Welch  WC,  Janmey  PA,  Winkelstein  BA.  Salmon 
Thrombin  Leads  to  Decreased  Spinal  Cord  Responsiveness  in  Painful  Radiculopathy.  24th 
Annual  Pan  Philadelphia  Neurosurgery  Conference,  Philadelphia,  PA,  December  2012. 

6.  Smith  JR,  Nicholson  KJ,  Syre  P,  Janmey  PA,  Winkelstein  BA.  A  Novel  Bioengineered 
Biomaterial  to  Treat  Painful  Neural  Trauma  via  Modified  Thrombin  Activity  for  Improving 
Neuronal  Function  and  Treating  Pain.  Cervical  Spine  Research  Society  Annual  Meeting, 
Chicago,  IL,  December  2012. 

7.  Dong  L,  Smith  JR,  Winkelstein  BA.  Ketorolac  reduces  spinal  astrocytic  activation  and 
PARI  expression  associated  with  attenuation  of  pain  following  facet  joint  injury.  Journal 
of  Neurotrauma,  to  be  published  2013. 

8.  Smith  JR,  Oake  S,  Weisshaar  CL,  Cruz  K,  Bucki  R,  Baumann  B,  Janmey  PA,  Winkelstein 
BA.  Salmon  and  human  thrombin  differentially  regulate  radicular  pain  and  inflammation 
through  differences  in  their  rate  of  cleavage  of  the  protease-activated  receptor- 1.  Molecular 
Pain,  submitted. 
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9.  Smith  JR,  Syre  P,  Nicholson  KJ,  Janmey  PA,  Winkelstein  BA.  Salmon  thrombin  attenuates 
spinal  hypersensitivity  in  association  with  reduced  inflammation  and  pain  following  nerve 
root  injury,  to  be  submitted  Spring  2013. 

10.  Smith  JR,  Janmey  PA,  Winkelstein  BA.  Blood-spinal  cord  barrier  response  after 
neuropathy  is  modulated  by  salmon  thrombin  in  association  with  attenuation  of  pain  and 
neural  repair,  to  be  submitted  Spring  2013. 

Funding  Applied  for  Based  on  Work  by  this  Award 

1.  Jenell  Smith,  graduate  student  on  this  project  applied  for  and  received  a  Student  Travel  Grant 
Award  from  GAPS  A  at  Penn  to  present  the  poster  presentation  for  #1  above,  2011. 

2.  Collaborative  Research  Grant  from  Comprehensive  Neuroscience  Center  at  Penn  in  201 1  - 
not  funded. 

3.  21st  Century  Grant  Award  from  Cervical  Spine  Research  Society  -funding  provided 
($75,000)  to  implement  additional  electrophysiology  assessments  in  vivo  with  thrombin 
treatment  to  investigate  the  neuronal  functional  responses  as  follow-on  funding  in  2012. 

4.  NIH  grant  application  planned  for  submission  Feburary  2013,  using  the  data  in  this  report  as 
pilot  data  for  that  application. 


List  of  Personnel  Receiving  Pay  from  this  Award 

1.  Dr.  Beth  Winkelstein 

2.  Dr.  Paul  Janmey 

3.  Dr.  Raz-Ben  Arouch 

4.  Ms.  Jenell  Smith 

CONCLUSION 

Salmon  thrombin  as  a  biomaterial  has  a  long  shelf-life  and  can  be  easily  deployed  in  wounds 
with  little-to-no  medical  expertise.  Considering  these  advantages,  together  with  the  results  of  the  studies 
completed  already,  salmon  thrombin  has  tremendous  promise  for  rapid  translation  to  provide  major 
benefit  for  alleviating  pain.  We  hypothesized  that  differences  in  the  catalytic  activities  between  human 
and  salmon  thrombin,  and  differences  in  the  spectra  of  cell  types  that  are  activated  by  this  protein, 
render  salmon  thrombin  effective  at  reducing  chronic  pain.  Studies  completed  under  this  award 
support  our  original  hypothesis  and  have  importance  in  moving  forward.  Among  the  major 
findings  of  importance  include  the  fact  that  salmon  thrombin  decreases  mRNA  and  protein  for  two  pro- 
inflammatory  cytokines  involved  in  pain,  TNFa  and  ILip,  more  robustly  than  human  thrombin  does  in 
astrocytes,  which  are  known  regulators  of  pain.  A  second  major  important  finding  is  that  salmon 
thrombin  cleaves  PARI  at  a  slower  rate  than  human  thrombin  and  that  this  thrombin  receptor  is  also 
associated  with  pain.  Also,  the  lower  affinity  for  hirudin  that  was  found  for  salmon  thrombin  compared 
to  human  may  explain  the  slower  cleavage  rate  for  salmon  thrombin.  Most  importantly,  perhaps,  are  the 
findings  from  the  in  vivo  pain  model.  Salmon  thrombin  treatment  reduces  pain  behaviors,  spinal 
hypersensitivity,  inflammation,  and  PARI  expression.  These  findings  are  quite  novel  and  have 
tremendous  implications  for  both  hemostasis  and  pain.  In  addition,  they  establish  a  strong  and  exciting 
foundation  for  future  in  vivo  and  in  vitro  studies  to  better  define  the  specific  cellular  and  biochemical 
mechanisms  responsible  for  attenuating  inflammation,  neuronal  injury  and  pain. 
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We  made  only  minor  changes  to  our  Work  Plan  from  the  original  proposal,  as  approved  in  our 
last  annual  report.  The  collection  of  other  studies  (both  in  vitro  and  in  vivo)  removed  the  need  for  the 
macrophage  migration  studies  originally  proposed  under  Tasks  3d  and  3e.  We  believe  such  an 
undertaking  would  indeed  have  been  unnecessary  and  would  have  detracted  from  the  exciting  in  vivo 
experiments  that  were  carried  out  under  our  no-cost-extension  of  this  project.  We  have  evaluated  the 
macrophage  response  in  our  studies  using  salmon  fibrin  treatment  and  found  them  to  be  highly  variable 
[Weisshaar  et  al.  2011].  Under  this  project,  we  have  been  very  productive,  having  produced  10 
publications  and/or  abstracts  and  have  successfully  received  additional  follow-on  funding  and  plan  to 
apply  for  more,  based  on  the  promising  data  that  were  obtained  while  evaluating  our  hypothesis. 

Current  methods  to  alleviate  pain  from  neural  trauma  are  limited  in  effectiveness,  are  sedative, 
and  are  not  easy-to-use  in  combat  field  conditions.  Accordingly,  there  is  a  tremendous  and  immediate 
necessity  for  the  development  of  novel  approaches  to  treat  trauma  injuries  that  enable  pain  management 
and  can  provide  early  treatment  at  the  point  and  time  of  injury.  Findings  to  date  on  this  project  indicate 
that  this  product  -  a  salmon  thrombin  biomaterial  -  provides  very  rapid  (within  15  minutes)  regulation 
of  the  cascades  that  are  involved  in  clotting  and  that  it  also  mediates  inflammatory  and  possibly 
nociceptive  processes.  In  addition,  the  new  knowledge  regarding  the  cleavage  rates  and  hirudin  binding 
differences  that  we  have  uncovered  between  these  two  species  can  have  far-reaching  basic  science 
implications  as  well.  This  material  product  has  a  long  shelf-life  and  can  be  easily  deployed  in  wounds 
with  little -to-no  medical  expertise.  Taking  that  information  together  with  the  findings  from  our  research 
under  this  award,  this  biomaterial  has  tremendous  promise  for  rapid  translation  to  provide  major  benefit 
to  the  military  should  these  studies  show  promise  for  alleviating  pain.  We  are  very  encouraged  by  the 
findings  in  this  project  and  are  excited  to  continue  to  pursue  studies  further  defining  the  anti¬ 
inflammatory  and  pro-survival  pathways  of  salmon  thrombin  for  pain  relief  and  neural  tissue  healing. 
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Disli  act  Effects  of  1  luman  and  Sal  ntioti  Thrombi  n  on  the  In  fl  ammaloty  Response  of  Mammal  Lan 
Astrocytes 

S.  A.  Gate1,  J,  R.  Smith1,  P.  A.  Janntey ',  and  B.  A.  Winkdstein1 
'Univemiy  of  Ptimiylvania,  PhitodHpfiia,  PA 

Introduction:  Thrombin  inhibition.  bos  the  potential  ro  prevent  die  neurotonic  responses  lhaL  can  be  caused  by  local  increases 

in  LsMimf  factors  after  infciJrrtwtk  nt-wu!  tismie  dbnag*  [R2|.  Thi*rr*in  flriggm  <»llular  by  activating  pit>t*A» 

activated  rcaplon  (FARs).  of  which  dvrombm  can  cleave  throe  of  the  Jour  ufcnuLIcd  aubtypea  (FAR  l„  3,  4).  Thrombin 

Glwage  of  PAR  I  mi  PAR  3  i*  rifely  His  hirtidin-fibe  of  the  Hfrattlhlbrly  oxpo«d  N-t*niiirl&l  [3|. 

Thrombin  activation  through  these  FARs  in  glm,  inducing  astrocytes,  propagates  inflammation  and  can  lead!  to  pain  1 1,41. 
Howe™,  bhxkarig  lb*  Activity  of  ^ndogentfui  cm  k^  to  urtc<nrfp>ll*d  ble*di ng  which  mates  it  a\m  dissimW*  to 

reduce  Ibc  inllamniatoTY  effects  of  thrombin  while  maintaining  its  normal  functions  in  coagulation.  The  effect*  of  thrombin 
on  LJi^golfliicin^  inflammation,  mi  p?'m  and  engage  dilRrat  substrates,  Coafiikttoo  is  atrtmgty 

befwecn  mammals  and  fish;  the  reaction  of  hunian  coagulation  pro  corns  with  biman  and  sulnvon  thrombin  are  nearly 
iciilisLin^uiKfeialilii  [Sh6].  In  CLiiilrust  ,  nitsCliaiiijafiS  Of  inflammation  and  tiOCiMptkTt  are  llighlv  divergent  between  rmmnmk  mi 
M  |6],  Bn^^gesLing  that  salmon  thrombin  might  have  distinct  effects  on  mammalian  mtlammaCLon.  This  study  compared  the 
activity  of  human  arid  fish  flHMnbifl  by1  measuring.  the  pot*nhfli«  mi**  of  PAR*  the  inhibititm  of  tltfombin  by  hirudin,  and 
efiec-ts  of  thrombin  treatment  on  the  inflammatory  response  of  aslrocyie*. 

Mjimkih  nnd  Midkuch:  Tc  quantify  r #m,  the  indkftJ*d  fluorogamc  peptide  md  thiombm  wm*  nii^isd  md  Hue 

change  of  fluorescence  intojiiiiy.,  which  eoire  spend*  to  cleavage,  was  recorded.  Human  and  fish  Ihromhin  activities  wre  fust 
ma*  *qual  by  iiomwliziiiS  dm  ckavjge  rate,;  c>f  a  peplid*  sttffuartce  .c<trri^:i®iding  ti>  (ihrinnpn  Peptide  wtfuarK&S 
corresponding  lo  the  thrombm  cleavage  sites  in  PAR  I,  j  and  4  were  functionalized  with  -AMC  lluocrogmic  group*  (Abgent). 
Hirudin  Mndtiig  sflinity  in  thrombin  w*$  quantified  by  m*?Sthiflg nf  (h*  fibrinugfn-h^d  ^aifenrafe  *fler  addition  of 
varying  ratios- of  bkrudin  lo  dvrombm.  ftr  viSt'o  -studies  u*ed  primary  aatroeylea  harvested  from  Spragjuc-Dawlcy  rat  pup  brain* 
(El  8)  and  pTLff^d  fbr  culturr*  flACUO^flWvadf.  APfer  14  dsys  in  cuth**-.  e*llls  were  sisrwulalud  by  30f!  oM  ftutaiantt  P  and 
treuled  l  day  laler  with  LUAdl  of  either  human  or  fish  thrombin,  ^upcnuilnnts  wx?ro  collected  I  doy  InLcr  and  1L"I(3 
coneantiution  was  quantified  u^ing  ELISA.  Thrombi  tv  aoitvity  in  those  supefnatanla  was  also  quanLifLod  using  the  fibrinogen 
peptide.  DilTerone&s  beliieen  humnn  and  fish  thrombin  ivere  compared  usmg  t-te-ls. 

Runultv  afeki J  DjhntN^lirfi:  Ac  pin  sirtlogieal  cemperuluto  |37"C>,  fi*h  dmimhtn  cleaves  FAR]  appm^imaioly  3  time*  sh>wtf 
than  human  ihrombin  ^p*0.lKHJ>.  Cleavage  rales  of  PAM  and  PARI  w^cie  not 
different.  Fish  thrombin  bind*  hirudin  half  as  strongly  as  huevun  thrombin  ul  n 
hinLdindhrombm  ratio  of  1  tpKfOOfi)  and  onc-lhird  as  wdl  at  a  ratio  of  L.S 
ip=0.m  11  (Figure  1).  3n  ttddMon.  the  amount  of  IL-lfJ  in  the  supcmatancs  from  the 
3Stroeylis  mJi|lup$§  was  also  lower  1.  tn.:-  nearly  HW^Inni)  ftif  imi!lrn*ii,l  with  I  he  3is|] 
thrombin  compared  to  the  human  thrombin  (p=<i.037;i.  E-lowever,  alter  i  day  in 
eullt'Urv,  ih*  fi$h  (hfOitibill  w^-;aSsn  Kw  udive  rhim.  ih*huilrfn  %H?!id7io  <pKl.t)CKi|3). 

These  daca  suggesc  that  Lbc  redviCL^i  astrocytic  rnfl  amnia  Lor.  response  to  fish 
iiw4i7Ttil>iii  may  be  Lsau$*d  In,  1  he  rodueud  aetiviiy  of  fl bh  tlirH>rt^in  w  by  (be  slnwer 
probcoty'si*  rate  of  fish  thrombm  on  PARI .  The  sloiver  FAR!  proceolyats  rale  may 
partially  e^plairiedt  In,1  fpsh  lower  ai'lmiiy  lor  hirudiii  cnmpaied  to 

human  ihrombtn,  since  the  hiradin-like  sequence  of  P.'VR  1  i*  largely  related  to  its 

mmiinnm. 

C4»nclush»ns:  The  reduced  inilammaloiy  response  by'  cuJLured  aairocytes  to  fish 
ilMyrtibii!  eorfipared  h;?  human  thrOvlilbiii  Ttray  Iuj  related  tc>  (he  luw$r  poteolysis  rate 
of  PARL  by  tish  thrombm  compared  to  human.  Future  work  is  needed  to  quantity 
PAR  m  vhro  md  0^^  ib*  Hm  ^ars*  rtf  il^fi*  mvdiTmUimt  rebind 

to  inllammaLion. 

Actnimlifil^nimiK  Support  fmm  a  D*jO  giaiii  (WS|XWH-KM-|flfJ2)  and  am  A$hb>n  F*lk?w*$bip. 

Rtfvmwus:  1 1 1  Suo  Z.  ei  at.  Ctut  Drug  largi'ts  Itrflmwt  Aitergv  2004.  3: 105-14.  [2  (  Kubo  ¥  ei  at.  J  Neitroit\mtf\€t  2000. 
17:163-72,  p|  Coughlin  R.  2000, 407:238^4,  |4|  Wung  H  *t  al.  Gift  2W)2h  37;33-«.  |S|  Mkhaud  8  et  a].  TJrromtt 
Iks  2002,  107:245-54.  [6]  Doolittle  R  JImui te  Immun  2011,  3:^  lb. 


i 


a 

E  ■ 

# 

*  tu  1  u  ±  ii  i 

mmm 

Figure  I.  Clcnvitgo  of  fthrinngen 

i  fl  jd  riL*ciur!i.,E7l  imu j  by  fnh 

ih  hi  mli  in  Is  vlpiifkjtnlh' 

^Inin^ly  impiLi rtil  by  hirudin  Lhjun 

human  thrombin  al  |Hlr|/|Thr| 
nfciHHs  of  |  and  IA 


17 


Smith  J,  Rothman  S,  Black  J,  Winkelstein  BA.  Spinal  PARI  mRNA  Expression  Decreases  Early  After 
Painful  Nerve  Root  Injury  with  Inflammation.  BMES  Annual  Meeting ,  #Sat-l-5-A,  Hartford,  CT, 
October  2011. 

Spinal  E3AKI  mRNA  expression  decreases  early  after  painful  nerve  root  injury  with  infl animation 

J  Smith1,  S.  Rothman  .  J.  EJIack1,  and  B.  A.  Wiiicbtdn 

'[InLv^pdty  £>f  l^jrr  invI-i.  ;m  i ; l .  PhiLuJul^iia,  PA 

InflrihdiKtMHn:  Neural  trauma  not  only  induces  lissuc  damage  und  bleeding.  toil  also  inirtiartea  u  local  indammatojy  iMponflc 
for  i  li p k l i i  High  l-.hi^uh  InilK-n-;  nt  clotting.  I'iinksTs.  sudi  ns  ihrun  ilnn.  nrv  fscusuril  Ili  prnrnolg  tiLvilmg  I  hrun  ilii  n  u  ]eis\  lv 
protouse  largels  including  r 1 1 1_-  proteare  activated  receptors  (FARs)  which  ] ij-jh ■  J >  to  die  release  of  clotting  and  inflammatory 

NinkuN  |l|  I 'AM  i  ■,  jiI  i-::-n  in  pLuck'l^  i.-:  ■.».  uM  ■  I  l~  l*i  i  *h_i  ■  I  Iml  ni  il  ■,  n_Nii5nl  K  Ion  cIil  e  >1  |>re  s  s  i  l>ti  h:-T  [Iil  PAR  HfclfetVpfcs  Pjlt 

confirmed  feu  spinal  neurons  and  glia  1 2 A]-  Activation  of  ditrambiii-cleaviHl  filial  VAR$  by  injection  of  thrombin  induces 
lxsflh  [I  iLiin.il  jimlI  C ; i I i  1 L7  smj r i m i  I  i  ■■  i C ■. .  impliciilin^.  chu  toIu  i  < f  C 1 1 u i_-  i  u-jupli  ir  ■■  in  £nuii  1 4- . .5 1 .  A  III  ii  <i  ipl  i  Lbunj  i  --.  p.i  i  •  n  u  \  iilLTr^L’ 
that  FARs  arc  involved;  in  puin_  it  is  not  kne^n  whether  the  spinal  expression  of  these  receptors  is  aflceled  by  painful  neural 
i  r  i  i  Li  ns  The  ohj^clhu  Lif  this  ^lilK  wa£  to  lrioiNLirv  PARI  jii  ii  I  PAR4  mRNA  Evtls  in  I  Ihj  Npiiol  curd  ;il  e\nl\  lirnu  piil-nls  iLltor 
two  ditferent  puinJul  ncnc  root  injuries  involving  neural  compreasLon  and  inflammation. 

Malt-rials  and  MaHukIi:  Separate  groups  of  Holtzmun  nils  underwent  a  painful  C7  nene  root  injury  [6,7|  ilACIJC 

appm-i.  usl'l  laynipTUKKinn  tT-I  I )(  ulin  il  lii  iulL  utnnprvKNKm  :md  inflinrin  ulinn  tl ar,  n-lJ),  nr  Nlxirii  cniilrnl  (skim. 

n=4'y  Mechanical  aLlodynia  in  the  ipailateral  forepaw  was  measured  Lo  evaluate  behavioral  scnsilivily  ii.e.  pain)  beJbie 

■■  iLijj.cr\  i. kiNuhi iu  j  and  iiC -:Lil  1  iiIIli  ii ji^lt'i  .  k._:spiri.-;u-.  uuro  LoinpjrLx]  luL^iuon  ;Jiniij!s  iLsin^:.  ;i  rupuidl^J-iriu.dNurvN  AKilVA 

with  Bonfemuih  Spinul  cord  tissue  waa  harvested  Jiom  sepurate  groups  at  I  ho  ar  (7flt£fn=S;  and -day  L  (Iflgf 

n-^s  thrn—5'  sli;nn  n^4)  to  ;inn;i\  PARI  £nd  PAR4  mRNA  Tohdl  RKA  ^;iNi  isnbtud  ft>r  R  I'-PCR  ini-dUsis  PARI  iiral 
FAR  4  mRNA  expression  was  quanliJIed,  normalized  by  Cyclophilin-A  levels,  and  furdier  normal  Lied  to  levels  in  normal 

I  rats  I  IiIFl-iliicln  Ih.“1vi  iinn  ^ypoups  were  ■•jt  ;il  iljI^iI  l-ir  c;ich  gene  NL-puratoly  using  ;j  IWO-svitV  ANOVA  mill 

Bonferrani  correction. 

Result^  nml  MuMMien:  Both  types  ol'  compression  injuries  produced  loecbanical  allodynia  in  the  ipailateral  forepavv  ul  day 

I  lli;dl  'i\ ;ln  si;jiii I icinill'i  irluvaluNl  [p^O.UUUl)  n\ur  llwir  ciirrcN|-K>iiiJiiig  lu^L’Iinc  rcsponNCN.  VlC.  onU  Lin;  ■  f.trr  ni|Lirv 

produced  ullodynia  that  wus  FigniJleantLy  (p=0Xtf7)  elevated  over  F-hiim  at  dial  Lime  point.  Spinnl  PARL  und  PAR.4  mRNA 

1lbV*;]n  aL  I  linur  iiflur  uitliLT  ininn  ui  iLliidii^L-.L  fnvtn  riLinnul  lvAR4 

mRNA  also  unchanged  at  I  dny  after  bolh  injuries.  In  contrast,  PARI 
niRNA  ii^iitii^rltly  iL-ducc-.L  (pHj.LIUUl)  ;il  ^Ly  I  sAkt  a 
compared  Lo  corresponding  Il^cI?  aL  I  hour  (Figure  It.  Spinal  PAR]  mRNA 

Vbiis  i  j i  hJ h i ; 1 1 1 y;.1 1 1  \-mlw  dli  i  limu  fxnnU  sflar  itiL-  in  j  iLrv  (Figure  I  j  I  he.^o 

lindingi  imply  lhaL  spinal  PARL  is  modulaled  within  1  day  ulkr  a  painful 

i r i i 1 1 ry  .jiiiI  dliv  l^qmru  ;m  in  ll.di  iiiiimLh yr*,-  Lh-nif \iriL-nl  fur  iLch  legul.dlicMi 

Taken  together  with  die  atlodynia  responds.  Lbis  change  m  PARI  in  die 
spinal  enrd  TCI3V  roliito  Ili  jsdin  TTuj  lIlvit-’jikl-  in  spiral  PAR  I  1riinsLTi]5iliiiii 
does  not  f-uproiL  reports  of  it?  increase  ..il  I  day  ni'Lcr  spinal  cord  injury 
Hou  L'MT,  lliL™  i r i ; l I  ^lijil  JiTlur  Npiiual  eurd  injun.  In  :Ji  IlLi^nt 

lemrorally  thun  for  tins  injury  |7,8], 

Cond unions:  Spmal  P.AR1  production  decreases  curly  (within  1  duy)  after 
njjrvL-  ih:h>I  injury  Wilh  a  cninhiiujul  ^nmprL^-iiT.  l™  aral  infl;dinni3U>rv  tLimpnnunl 
and  Ihis  decrease  corresponds  lo  the  onset  of  pain.  Further  fiudier  Lbat 

|iL.di il 1 1\  [Inn  ;md  nllyji  PARn  .dl  :iIli  limu  j>:mh1n  Will  hulp  k>  L-Nl.dhl i.-h  ihun 

relulionslup  to  and  role  in  maintaining  puin  after  neural  injury. 

Aeknow  k  Jpimmb:  Support  provided  by  a  IX  51 1  grant  t  W3  I X  WE  3-  LO- 1  - 1 002)  und  un  Ashlon  FeHowahtp. 

Ruftitnccs :  (II  Brunuett  NW.  Semin  Tkrvmb  Hemost,  2006, 31:59-4%.  |2]  Zhu  W:  el  aL.  Brain  Res^  2005,  1041  :M5-1 1.  [3] 
Vdlfuti  V  «t  a,  AM  Pm.  20l0h  6:1 ’17.  |4|  Osoti*  PS  At  aL  Jtmmb  Hmmogim&y  2010,  103:1145-31.  [3]  Nadia  M.  J 
Neumscl  2005,  25:IOOOO-9_  [6|  Hubbard  RD  ct  al.  Spine.  2005B  30:1924-32.  [1]  RoLhmun  SM  el  aL.  Brain  Res.  2007. 

I  |*l  (B]  Piipovii*  PO  St  ill  JComp  .IVW,  m\ ,  377:44344. 
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Spinal  PARI  RNA  Lewis  are  Regulated  by  Mechanical  &  Inflammatory  Cues  In 
Painful  Nerve  Root  Compression 


Jlenell  R_  5milhr  Earah  M_  Rothman,  Paul  A.  Janmey,  Beth  A.  Winkelstein 
Oapsrtn^nt  of  negnng,  university  of  Pennsylvania,  PhiUdfliphl?,  Pfl 


Introduction 


|  Ro  suits 


*  Uh-g  herriuLbu  brflh  Inpmei  ■HlUWpftfcrf  cwnpfmMi 
and  htraducei  infammcbcry  amenta  Id  the  spn-si  nerve 
rvdts  IliM  each  hare  been  shown  Id  modulate  pain  h 
human  dntc.il  studies  and  In  rtf:  mudet- £  m|  . 

*  Mrr+idr«:iH  bbmpraislcm  gf  fir  new  rad  H'l'.ft 

m^mrwl  imurvpeplJdes  I"  The  dt™l  turn  gf 

dr  sphpl  u.HiJ  firing  Id  genli-al  veirclfearfun,  gM 
rfM.n-Hitii.  (mrf  p#m,  ii  ^  k>pd -depended  nwnrards  mA 
us  day  3  [3. 5].  These  resporrse*  die  dl  eHtaraed  mW 
dr  dddlton  dn  hifkmmdLrpy  nwl  [  J], 

-  Preivav?  HiTru.iiHl  racopitifs,  Cudi  os  PftRL,  hoiK  Iran 
impfir^md  ii  pain  .nil  inUamrtuti»i  and  hih  hmrai  In  bo 
aaVHBMd  or  1 1 hu nan.  and  w&ktem  ttiA  f  hii  [fi  d| . 
'Vihi.  cho  offloctof  norw  mot  mochanloti  and  ItfVitimabrti 
an  qiiial  PARI  producibn  b  unknown. 

The  go* I  of  tUs  dktp-  wii  to  quantity  ipU  PJUti 
mRNA  expression!  alter  different  types  or  painful 
nerve  root  injury  and  to  determine  it  PARI 
production  relates- to  ln|  uiy  cues  -a  nd/oi  pain  onset. 


Methods 


tuiral  rrmdrraa;  ftek  mis  eWrr 

d  0?  dcrr-jil  nerve » mi  crpr^renkn  lli>/  n=  ij,  .h  i.umHrrd 
oompfmrji  nfldnrndllfl^  liaulL  IlCtf -kbr.  n=54  or  ■ 
¥ham  surgery  wfli  Mb'  eipwairr  Oham,  n  =$  |3>fl  (Fb  0 
Cgmpnenrr  mw  -ipt^bJ  by  *  orlbrdled  lOtfl  cte>  ftp  15 
mwvi.n  ^d  rui  mrie-iidoy  1. 


Fig.  L.  Sdwr mr  a  CT  c-  ni 
z:-ri  SCI  im  ui  ird 
UK*,  fra  LeActi  ei  +■■ 
i  rad  (Tin  ■  nkumi 
tf  ti  l-j#  dp  p M 
F-nora  fc  Ibw  ML  Gi_-ii_ 
i  I  nd  I  u  mi  lira  4b 

iwwMm 


Bflh-ax^ral  TtFlma:  To  quantfy  betawicrel  oensbwtty,, 
mechanical  alolynis  hi  Ihe  Ipalaterol  fare paw  was 
measured  ushg  two  slronqths  of  ion  F rat  11  Laments  ■; 2q, 
H □  /  lesbngwas  performed  prior  bo  any  surgical  procedure: 
(day  U;  baselne]  and  an  -Aiy  1  after  the  hJurr  [jM|. 
MKii^ical  al:d>nLs  data  were  itnlk,u.ily  comporec  ow 
tme  between  ell^oups  ushp  a  repeated  mcEouns  NiUtA 
wth  Boofernnl  CDnecbon. 

(Rerattte  Tran rlpbaae  PCR:  Ipshberals^rul  cad  tfcsut 
was  turvesbed  do  da;  3  after  betuvkHal  Itslkiq.  Total  ERA. 
was  totaled  and  PARI  mRHA  |M  F-AOGGGATGAJG 
GAflGAQUUUL-T  mi II  mr.  S'-OWQ3GAiW3GCTT5ACTATTaA-31J 
was  quarUled  using  reverse  branurlpase  PCR.  |6|.  Gene 
eKprosclon  was  nomutrod  tn  Cyctiiiidri  A  lor  eadi  sampk 
and  nomiaKMd  bo  HULL  k!Lrt  h  notmil  rob  (n-ij.  Rid 
increases  cf  normdtied  PARL  mEMA  were  oatoiated  ushq 
du  Am  moth  id  M||.  A  one-pay  MKf/A  pith  Buifcnonl 
ocnecUcn  was  med  bo  compare  drterenccs-  In  PARI  mRNA 
Ic?c4s  between  groups. 


gchayiBr; 

■  Hcchantal  ahidynti  on  day  1  was  slqnlltanthr  ckvaled  oner 
baselnc  for  both  SDqtand  LOql^ihr  (p<DjD01|  ri|urtcs,  bui  sham 
nMfCrtjH*.  waro  undi.%ignd. 

*  Akhoutfi  modurKal  CDmprssnn  f,  LCfcjtJ  elevated  mediaracal 
alodynb  aver  sham  In  4k-  ipsiaberol  forepw,  the 

krwne  wn  Mt  StpiNbanL  ffkp.  20.  Oit^  the  gbmbnd 
medioilcEi  aid  mHammabcry  Ireuh  LUtf+chrO  sgnflcandy 
hcreasEd  dlodynD  over  ihon  ni  day  ]  lor  tesing  wth  both 
flbmetd  slrenglhs  (Ap  p-U  COfr;  4g  p-u  L»0J;i  [f  Ij.  2  \. 


hg.  2.  InhxV  m^nci  #rijin*  LCghdr  wra  ^imlf 
i^w  l"prI  :ii  4wi  4wn  m  -4*f  L  hr  asi;  wli  brti  KFtw^ 


5  Pinal  PARI  mRHA  LeveM: 

-  PAE1  miRHa  nu  rk-urind  ki  ail  tpclnwal  ^4ial  nml  ^mptas 
rram  HI  group?  *i  day  1  (Fig.  30. 

-  For  JjDql-ohr,  PARL  mRHA  lewis  put  71.41  f/-  S.1%  tf  those 
expressed  In  the  spnal  cord  of  normal  moperobed  rots.  Spkial 
PAE1  mRNA  ^presalen  for  the  cormbtnod  h|Lry  [JjQql-ohrO  was 
Imer  than  both  LOql  and  stum  (Ftp.  I\,  tub  Hit  decrease-  was 
onh  slpirtant  nhen  compared  to  compression  alone  1 3Dgf I 
iO-tliHTK 


!« 


\sk 


-I3CI 

Pi3|l>n- 


WL  «Ji\i  rcB-  m  ikif  L-^t  tv"I"-p' t r  'rduvne 
ll./  bWi#tdhg*ti-l]  nMn  +J^». 


nfl.  a.  Rhll  I  L  | Ii,i 

litmr'f  n  rhnl  Mwxe.m 
Mid.  Wi  Hd  nmm* 
(iau^bkon 


-B- 


EJy-  SdV'-l- 


f  Mbf  4f  ril  inhd 

_ t>  ImmJ  IL-LE-  4 

T’h.1. r>J  l*ni  !■  pi-fa  ITp-I 


fVfiMrp  gulurei  dT  niL  crrlkal  a-yirrxTto  OGRWh  aid 
□  p+j n.i it;.  v*-rH  Ikiurnocnliy  InmHiufeitrled.  dHAmbd 
their  orprosHn  of  RftHI  >;i  u.  1>. 

Mbocd  ocdhal  cultures  were  sdmtfibcd  mth  substance  P 
r^Kitf-,  n-j7>  ki  mkrilc  a  pin  ^hiKh  In  the  CHS  [10], 
and  a  subset  was  treated  wth  the  IFARI  acthalor, 
ctrinYfeki  [SuhP  i  Tlrr,  n-hi,  at  7A  hCHK  Lator. 

AcIIwSfi  g(  PiMt]  ^SubP-i-TlirJ-  m  ®ked  guk.urea 
sunikinbr  denened  tp-OM2\  relese  d  the  prp- 
inllamrutofy  ryii*kie.  JL-Ifl..  at  2A  hours  ONTpeied  to 
unljretfljfd  cuhrn  (SuH^  (Of,  Vl. 


DiscuaaiDri 


■  This  Hiuilh  •.thP.-A  dial  sfifiilL  ii|u->  cum  nudutate  spinal  PARI  mflf-U  m  «arty  ai  dap  1  attar  narva  rax 

crpriprcnlpi  Shce  the  f.-*-i  hfjurr  ijmm  (Kkjl  4  ICtfl-ghr)  dU  ™^.  hiJkss  ijfferetf  dbdtnU  resporrm  ify,  2)  bui  did 
ewliiik.  sIpiKi-dnl  In  ^-plndl  WRl  "Vi t4A  (Pm.  J),  Wt]  (F^duclkn  mglfl  not  be  rrgu^led  by  the  medunkal 

c*Bipt*i*ri5  gl  dn  ijjuiy,  buL  nwiy  depend  m Pro  gn  Urt  irflhunirtjp  l"?ufc. 

-  The  load  ttnshold  In  hdua:  the  amti.  ol  ptfn  at  day  1  h  this,  model  c.  SG,3nfJ  |5],  The  JjQql  |9fl.2mN|  compression 
magnfajde  that  was  applied  bo  the  nerve  root  In  this  study  fi  prethabove  that  mechanical  threshold,  because  nerve  root 
compression  alone  dd  not  change  spiral  RIAL  mlflA  expreclon  [Flq.  J|,  these  resub  -suggest  that  changes-  In  spkval 
PARI  prediction  nvip  noc  iMuk  from  mechanical  hsub  or  dractly  conefcuta  to  tho  onsot  of  mechanical  kiduord  pain. 

■-  He*  rhrbd  tFi]n?riw*  tfidL  the  pcUrdlkn  d  RAiRl  un  CMS  wfc  Ai  rilRi^lg,  +)  kMrh  lu  h  i?:rei it  Ii  iMt 

rdeaoe  of  JL-1JI  can  pared  be-  unlrerted  co^hnt  {I  g.  a?.  11b  ocnfl-msllub  PARlp4ap3  n  rote  In  neurahflamnellon.  jkine 
epkial  DL-ljl  e  upeyMfrted  M  dpy  1  ^ler  30^+chr  [111.  tUiwr  plot  fnuE?  ■suggest  Uint  PWU  mMH!  raflr+ule  Lu  erly 
spn-ii  hfianmabon;  however,  the  mechanbrnsarfd  ther  mbtxmdiiiElo  pah  aie-sbl  n-ctluly  urvderat'Xri. 

■  A  though  PAR3  mRNA  was  quantmed,  Iht  study  dd  not  measure- ^ph  a  I  FAR  L  proleh  and  only  prebed  mRHA  levels  al  day 
1.  Spinal  PARI  production  may  be- modulated  al  later  line  pdrts  skice  ttiesc  Injuries  pmohee  ttne-dependcnb  ccftlar  and 
tiodiomicail  raspenus,  hckidhrj  atonal  dftgnnoratiui  that  R  ncc  ofasnnmd  until  da^  7  atTor  compraubn  [1J|.  ptfhhg 
Tnmptfal  prenrin  rejrastiofl  .■  i ii  mHHA  pacvfM  of  PAAs  k  iur«u^  m  luh  undnmand  Htmo  rorvghwL'  mlM  ki  pain. 

■  lubure  studies  measump  P4E1  throughoul  the  nervous  system  atler  n^Jry  Mil  prank-  more  mforniallon  aboul 
whether  me  chan  fcs  altera  HAR1  production  r  corrpre«Bd  Issue  aid  how  rt  relates  tr  pah. 
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SALMON  THROMBIN  TREATMENT  REDUCES  PROTEASE  ACTIVATED 
RECEPTOR  1  EXPRESSION  FOLLOWING  PAINFUL  NERVE  ROOT  INJURY 

JR  Smith,  CL  Weisshaar,  PA  Janmey,  BA  Winkelstein 

PURPOSE:  Protease  activated  receptor  1  (PARI)  cleavage  by  thrombin  has  been  shown 
to  both  attenuate  and  exacerbate  pain  depending  on  the  level  of  activation  and  its  route  of 
administration.  In  contrast  to  the  generally  pro-inflammatory  properties  of  mammalian 
thrombin,  salmon  thrombin  has  been  shown  to  attenuate  pain  after  cervical  nerve  root 
compression  if  given  at  the  site  of  injury.  Although  PARI  is  implicated  in  pain,  few 
studies  have  examined  its  expression  following  injuiy.  The  purpose  of  this  work  was  to 
define  the  expression  of  PARI  after  painful  nerve  root  injury  and  to  define  if  salmon 
thrombin’s  analgesic  effect  is  related  to  PARI . 

DESIGN:  Immediately  following  cervical  nerve  root  compression,  salmon  thrombin  or 
vehicle  treatment  was  applied  to  the  location  of  injuiy  and  rats  were  monitored  for 
behavioral  hypersensitivity  for  up  to  7  days  after  injury.  PARI  protein  expression  was 
measured  at  day  1  and  day  7  in  both  the  injured  nerve  root  and  spinal  cord. 

POPULATION  STUDIED:  Male  Holtzman  rats  (n=17;  330-440g)  were  used  under 
IACUC-approved  conditions. 

METHOD(S):  Rats  underwent  a  C7  nerve  root  compression  using  a  calibrated  lOgf  clip 
for  15  minutes;  immediately  after  that,  either  salmon  thrombin  (0.4  U/rat)  or  vehicle 
treatment  was  administered  at  the  injury  site.  Mechanical  allodynia  was  measured  before 
injury  and  on  each  postoperative  day  by  stimulating  the  ipsilateral  forepaw  using  von 
Frey  filaments.  Nerve  root  and  spinal  cord  was  harvested  on  either  day  1  or  7  in  separate 
groups,  and  fixed  and  immunolabeled  for  PARI  expression. 

DATA  ANALYSIS:  The  number  of  paw  withdrawals  elicited  on  each  day  was  averaged 
within  groups  and  compared  using  a  repeated  measures  AN OVA  with  a  Tukey’s  test. 

PARI  expression  was  quantified  in  the  nerve  root  and  spinal  cord  as  a  fold  increase  over 
levels  in  normal  rats.  Differences  between  groups  were  detected  by  a  two-way  ANOVA 
with  Tukey’s  HSD  test. 

FINDINGS:  Pain  was  significantly  attenuated  for  rats  given  thrombin  compared  to 
vehicle  treated  rats  for  all  days  following  injury  (p<0.02).  Spinal  PARI  expression  was 
increased  over  normal  levels  for  the  injured  groups  at  both  time  points  (p<0.01). 

However,  at  day  1  after  thrombin  treatment,  spinal  PARI  was  not  different  from  normal 
levels  and  was  significantly  lower  than  the  expression  levels  at  day  7  (p=0.005).  PARI 
expression  in  the  nerve  root  was  not  different  between  any  groups. 

CONCLUSIONS:  Salmon  thrombin  transiently  blocks  PARI  increases  in  the  spinal  cord 
after  painful  nerve  root  compression  and  provides  sustained  pain  relief  in  the  rat. 

IMPLICATIONS:  Increases  in  neural  PARI  may  be  linked  to  pain  from  nerve  root 
compression  and  can  be  partially  blocked  by  PARI -reaction  with  salmon  thrombin. 

Future  studies  aim  to  map  the  functionality  of  PARI  by  defining  which  cells  are 
responsible  for  the  increased  expression  and  how  this  leads  to  pain. 

FUNDING:  Support  provided  by  the  Department  of  Defense  (W81XWH- 10-1-1002). 
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SALMON  THROMBIN  TREATMENT  REDUCES  PROTEASE  ACTIVATED 
RECEPTOR  1  EXPRESSION  FOLLOWING  PAINFUL  NERVE  ROOT  INJURY 


Jenell  R.  Smith1,  Christine  L.  Weisshaar12,  Paul  A.  Janmey1'3,  Beth  A.  Winkelstein1  2 
Departments  of  'Bioengineering,  Neurosurgery  and  ^Physiology,  University  of  Pennsylvania,  Philadelphia,  PA 


to 


Background 


I  Results 


■  Chronic  neck  pain  affects  up  to  70%  of  trie  adult  population  with  a  major  source  being 
cervical  name  root  compression  1 ;  Rot  models  of  nerve  rcDl  compression  produce 
sustained  hypersensrlivrly  ad  least  panialfy  due  Eo  inflammation  at  the  injury  site  and  in 
eh«  central  nervous  system  (GNS) 2  * 

■  Due  to  ns  anthmflanunBtery  properfrei  Mlmon  Ihremljln  has  been  suggested  to 
attenuate  pain  after  cervical  nerve  root  compression  when  administered  at  Iha  sifa  of 
injury  *  However  ifta  mechanism  through  which  this  occurs  is  unknown 

■  ^release  activated  receptor  i  (PARij  a  Ihe  main  fhromtimactivated  receptor  and  is 
expressed  on  celts  in  the  CMS  such  as  neurone  and  astrocytes.  Its  activalion  has  a 
complex  role  in  pan  miliatiDn  and  maintenance. 4-3 

siudv  Objective:  though  RARt  activation  is  implicated  In  pain.  orvty  a  few  studies 
hove  examined  (he  expression  of  this  receptor  after  injury  The  purpose  of  mis  sludy 
was  to  Investigate  the  affect  of  salmon  thrombin  on  mechanical  altddynia  and  PARI 
expression  in  the  nerve  itml  and  spinal  card  after  painful  cervical  nerve  rOOl 
compression  and  to  determine  rf  thromb-n’s  analgesic  effect  is  related  lo  PAR  I 


Materials  &  Methods 


General  Procure*:  Experimental  procedure*  were  approved  by  Ihe  Urwer*rty  pi  Pennsylvania's 
lACuC  Male  NOizman  rats,  weighing  2S&-350  grams,  underwent  surgical  procedures  for  a  painful 
cervical  nerve  rod  wmpresstoti  In  pnw  lo  Satiate  Ihrpmpin  treatment  tpi  llse  cempraston  mjwy 
group  separate  groups  received  ether  salmon  thrombin  (thrombm  n -S|  or  neuxobasaf  media  as  a 
vehicle  control  ( .  )  (Fig  1)  Th«e  group*  were  equally  subdivided  for  anjlyi*  of  PARI 

express®*!  in  the  nerve  root  and  spinal  owd  on  erther  day  T  or  7  alter  injury  (n=4  each  lime  pant) 


■  The  ngM  C7  dorsal  roof  was  compressed  -or  is  mnutes  using 
a  iQgf  micradip  (Ffl  treatment  was  adnunfitered  immerfiateiy  alter  dip  removal  Salmon' 

dewed  thrombin  (Sea  Run  Hofckng*.  Freepod,  ME|  was-dilifled  m  rwuraijssai  media  |2  unrteJVnlJi  and 
2Cp1  applied  directly  (0  the  injured  nerve  root  mi  medial  tty  arfle#  clip  removal ?  An  equal  volume  of 
neurobasa:  media  alone  was  grven  as  Ihe  ■ 


Behavioral  Analysts:  Mechanical  affiodyma  was  assessed  « the  groups  that  were  survived  uMii  day 
7  trflvwnfivi  *v=-n.  .  .■.  ■')  The  number  of  paw  withdrawals  elicited  by  van  Frey  filament  [2g;  flg) 

stunuiMion  on  me  iptiixersi  rprepaw  wa*  used  as  a  quanutairve  measute  of  behavioral 
h  y  perse  ns  tuly  AHodyma  was  measured  on  day  G  before  surgery  (bsseUie  l  snd  on  post-operative 
days  1,  3,  6.  and  7  A  repeated-measure*  ANOVA  with  a  TufWy’s  post^ree  test  compared  behavioral 
responses  between  groups 


Mechanical  asodynia  ioiTpwij»g  nerve  root  compression  wflh  .  treatment  >s 
elevated  at  an  lime  points  (Fig.  2).  TAmmtwi  trealmenl  sJgnlfcantfy  reduces  die  number 
of  paw  withdrawals  overall  lor  teslmg  wilh  bq|h  filament  strengths  (p^O  2). 

Allodyma  is  Sigiwficairtty  (p<D.043j  reduced  for  fbmtntwn  Irealrrartl  on  post-operative  day 
l  and  day  S  for  ihe  ig  tilamenE  and  on  day  5  and  day  7  for  the  4g  flame m.  when 
compared  to  V  ■  responses  (Fig  2>. 

Pari  expression  in  Ihe  inpaed  nerve  root  remains  at  normal  levels  al  day  i  after  bom 
ftortvTuDiri  and  v  trealmenl  (Fig.  3).  PARf  is  elevated  for  bfflh  groups  at  day  7,  with 
the  .  -  treated  group  exhibiting  robust  labeling  although  this  increase  is  npl 

Si^nlftG&nt  (Fig.  3) 

Spinal  PAR  1  expression  ts  significantly  elevated  (pi  □  D06i  over  levels  in  normal  un- 
oporaled  rats,  for  .  treatment  at  days  1  and  7  and  thrombin  treefrnenl  al  day  7  (Fig 
4}.  Tlwumbm  treatment  produces  spinal  PARI  expression  at  day  1  I  hat  is  unchanged 
from  normal  levels  and  is  s^mifioantiy  tower  (p=G,Q05)  man  expression  levels  In  lhal 
same  ((roup  al  day  7  (Fig.  4). 


Discussion 


Salmon  thrombin  transiently  Mocks  increases  in  spinal  PARI  expression  after  painful  nerve  real  compression  in  association  with  Sustained  pain  relief  in  Ihe  rat  [Figs.  2  &  4).  The 
twhaworci  results  agree  vwiti  previous,  findings  mat  salmon  litmn  tmitmenl  to  Ihe  injured  root  is  sutticienl  to  decrease  nerve  rool-irnfuced  sensitivity r  Findings  from  this  study  suggest 
Ural  spinal  PARI  is  an  early  regulator  of  neuropathic  pain  and  that  salmon  thrombin  can  nudutate  ibis  receptor's  expression  in  live  spinal  «ud 

Spinal  PARI  expression  increases  early  after  a  painful  nerve  root  compression  and  remains  elevated  for  up  to  one  week  after  that  painful  injury,  corresponding  co  the  immediate  arid 
sustained  mcrease  to  mechanical  snodynla  following  nerve  root  injury  (Figs  2  i.  4)  previous  work  with  a  painful  nerve  mjury  reported  a  sinner  increase  in  spmsi  Part  expression  at 
day  7  after  mat  peripheral  Injury.10 

Changes  In  PARI  expression  were  not  observed  at  lire  site  or  injury  (Fig.  33.  M  contrast,  increased  PARI  mRNA  has  been  observed  in  the  injured  nerve  sL  days  1,  4  and  7  after  partial 
soaltc  nerve  bgatlon  11  AHftpugh  Ihe  current  slu^y  dW  nel  Inveshgale  mRMA.  taken  togelher  these  flfujlngs  suggest  Hurt  PARI  mpdulailinn  after  mjury  likely  depends  on  the  location  and 
lype  of  injury,  as  wen  as  Ihe  lime  oouree  following  n»|ury, 


immunohiawchcmiitry;  on  day  t  of  7  after  injury,  m  roparaiu  group*,  raw  were  ctanwaraiujy 
peri  used  with  PBS  followed  by  4%  psrsfiKimalSeh'yde  The  ipsilalernl  nerve  root  and  whole  spinal 
cord  at  C7  were  harvested  Momral  matched  un-operaled  tissue  (n=2  rais|i  was  also  included  3S  a 
control  Nerve  tOOH  were  tongHwHoally  sectioned  and  the  *f*nal  oard  we*  axially  sedioned  Sedtiem 
were  imnvunorabeled  wim  rat?fcrt-anb-PAR1  <1 150,  Abcam(  ovurngfil  al  4*C  Section*  were  washed 
with  PBB  and  then  ificupsted  wrth  a  secondary  @nlit»dy  (goat  aob-raKMt  Alexa  FHiOf  4ag.  1 750. 
Inv<mgex|  fix  2  txKira  Issue  samples  were  imaged  al  20X  Spinal  cord  images  were  cropped  lo  a 
ttsuvitardLied  area  rh*  included  <oly  the  poftal  horn  Lik*vwjte.  nerve  ro«  image*  were  emptied  lo  ft 
size  that  only  included  root  tissue 


Salmon  fibrei  irealnwnL  (which  includes,  a  Ihrornbin  component)  was  unable  to  reduce  spinal  ghal  actrvalian  at  day  7  after  Ihis  same  injury,51  which  implies  ihai  Wvc  increased  PART 
expression  observed  m  Ihe  sludy  may  due  In  pad  to  expression  by  adlvaled  spinal  glial  cells. Future  studies  investigating  the  cellular  source  ol  RARl  after  painful  nerve  root 
compression  are  needed  lo  determine  if  me  modification  in  expression  of  PARI  is  due  lo  neural  or  gkal  cells. 

Nonetheless,  ih«s  study  dcmenstrales  ihal  spinal  PARI  expression  fe  induced  early  after  a  pam  Tut  mechan  ical  injury  to  the  cervicat  nerve  reel.  Fudher.  salmon  ihrombin  esn  bansienlly 
block  that  increase  which  leads  to  altenualion  or  pam  Additional  studies  examining  the  lUnctionably  ol  PARl  by  determining  the  G-proLeins  coupled  In  them  and  Ihe  amounls  of 
endogenous  agomsts  preset*!  in  Ihe  CMS  can  provide  more  ^formation  aboul  Ihis  recepiors  rule  in  neuropothic  pain  and  wuuid  help  Eo  kfentiry  potential  iherapeutic  inlervenlions  to 
treat  pain 


Customized  densitometry  code  cakurated  the  percent  d  posnrve  pixeis  over  a  defined  threshold 
m  normal  1s*ut  ter  e«h  nnag#  in  order  to  quanlily  the  total  PARI  ewpressten.  Dal*  were  reported  Kt* 
a  fokt- increase  m  percent  or  posfiive  p>.f*s  far  each  group  normahzed  to  values  m  normal  bssue  A 
two-way  ANOVA  wfth  *  Tukey  *  poil-hoc  lest  compared  PARI  expretson  between  ihncvnSvn-  and 
-  al  cays  1  and  7  alter  injury 
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Radiculopathy  &  nerve  root  compression  ^ 

Neck  pain  affects  nearly  a/i  of  the  adult  population 

C«  <131  19* 

Over  Vi  of  those  cases  have  persistent  pain  for  more  than  1  year 

cmt  <tal .  3KM.  NNtttal  .20D4 

Disc  herniation  invokes  a  compressive  component  whic  h  indue es 
neural  trauma  to  the  nerve  roots 

ABM  «tat,3DT 


Biomaterials  in  treating  neural  trauma 

Hypothesis  &  aim 

♦  Must 

-  Promote  tissue  healing 

-  Restore  normal  neuronal  functioning 

-  Mmmize  inflammation  &  glial  scarrng 

Salmon  thrombin  may  avoid  the  potentially  damaging 
pro -inflammatory  effects  of  mammalian  coagulation 
factors  and  may  be  suitable  as  an  analgesic  therapeutic 
for  neural  trauma. 

♦  Fibnn 

•  Thrombin 

-  Mammalian  thrombin- pro  motes  inflammation 

-  Salmon  thrombn-promotes  neural  outgrovrth  m  vivo 
and  mtigates  pain  in  animal  models  of  radiculopathy 

AIM:  Use  an  in  vivo  rat  model  of  painful  nerve  root  trauma  to 
evaluate  the  time  course  of  pain  and  neuronal  function,  via 
spinal  cord  electrophysioiogy.  folowlng  human  and  salmon 
thrombin  treatment 

•»  la  Hows**  eta.  M90eo«e*«tai  n  Uttar  n>  Ran  at  -RlatO  t  Bto  <  tai  3D?  teoeta  2» 

Experimental  design 

•  Well  established  in  vno  rat  model  of  radiculopathy 

•  Measure  spinal  cord  responses  to  forepaw  stimuli 
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Electrophysiology  methods  * 
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Modulation  by  thrombin 


IQg  von  Frey  Ms-nerf 


Conclusions  &  next  steps 


T 


•  Treatment  of  compressed  neural  tissue  with  salmon 
thrombin  attenuates  the  behavior  and  spinal  cord 
hyperactivity  that  is  associated  with  a  painful 
compressive  injury  or  following  treatment  with 
human  thrombin. 


•  This  restored  neuronal  signaling  may  account  for 
part  of  salmon  thrombin's  mechanism  of  analgesia 

•  Complete  further  electrophysiological  studies 
-  Define  responses  to  injury  in  the  deep  brain 

structures,  such  as  the  thalamus. 


Thank  you 
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Radiculopathy  &  nerve  root  compression 
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Neck  pain  affects  nearly  of  the  adult  population 

c»  eta  ,  an 


Over  Vi  of  those  cases  have  persistent  pain  for  more  than  1  year 
ce  «m.  as*. 


Disc  herniation  invokes  a  compressive  component  which  induces 
neural  trauma  to  the  nerve  roots 


Neural  repair  &  thrombin 

Biomatenals  approaches  to  treat  neural  trauma  am  to 

•  Promote  tissue  healing 

•  Pestore  normal  neuronal  funcbonng 

•  Minimize  inflammation  &  glial  scarring 

Fibnn  initiates  clotting  cascade  after  trauma  &  promotes  tissue 
healing 

Fibrin  is  suitable  for  neural  repair  because 

•  Injectztolebiamaterial 

•  Simrfar  mechanical  properties  to  nervous  tissue 

Mammalian  thrombin  activates  inflammatory  8  potential 
neurotoxic  responses  n  the  CNS  Sam  on  thrombin  promotes 
neuronal  outgrowth  m  vitro 

auHouHptta  atr  G*oigM  *tai  m*.  LMtii  2Q*  Ratio* -Mart  rate  *tai.  jut  stottam* 


Project  aims 


r 


Salmon  thrombin  may  avoid  the  potentially  damaging  pro- 
infiammatory  effects  of  mammaHan  coagulation  factors  and  may 
be  suitable  as  an  analgesic  ttnerapeubc  for  neural  trauma 


AIM  1.  Quantfy  and  compare  neural  growth  and  inflammatory 
responses  in  neuronal  and  mixed  culture  preparations  in 
response  to  human  and  samon  thrombn  related  to  Inflammalon 
and  pain 


AIM  2.  Use  an  in  vivo  rat  model  of  panful  nerve  root  trauma  to 
evaluate  the  time  course  of  pain,  inflammabon.  and  neuronal 
function  following  human  and  samon  thrombin  treatment 


Methods:  Aim  1 
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Methods:  Aims  1  &  2 
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Aim  2:  Electrophysiology  methods 
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Aim  2:  Electrophysiology  results 
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Ongoing  activities 


r 


Complete  eleclrophysiology  experiments. 

Define  differences  in  the  neural  recovery  associated  with  pain 
responses  foflawing  human  and  salmon  thrombrt  thrombin 
treatment 


Characterize  effects  on  inflammatory  responses  in  vivo  &  in  vitro 


PARI  kinetics: 

*  modified  peptides 

*  on  cells 
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Conclusions 


r| 


Salmon  thrombn  exrttits  unique  analgesic  properties  compared 
to  hum  an  thrombin  winch  may  be  due  to  Its 

•  slower  activation  of  PARI 

•  reduced  inflammalon&  macrophage  infiltralon  at  the  site 
of  injury 

•  increased  nerve  root  repar 

•  possible  restored  neuronal  signaling  in  tfie  spnal  cord 
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